Diopside exhibits favorable potential for bone repair on account of the good mechanical performance, bioactivity and biocompatibility. In this paper, diopside scaffolds with high pore interconnectivity were successfully fabricated by laser three-dimensional (3D) printing. The microstructure and mechanical performance of the diopside scaffolds were studied. The experimental analysis indicated that diopside particles gradually fused together until a dense structure was built with an energy density increasing in the range between 2.4 and 4.8 J·mm -2 . Meanwhile, compressive strength and fracture toughness increased gradually from 5.96 ± 0.88 MPa to 10.87 ± 0.55 MPa. However, mechanical properties decreased due to the appearance of voids when energy density were 5.4 and 6 J·mm -2 . Simulated body fluid (SBF) tests showed that apatite crystals formed on the diopside scaffolds surface, and the apatite crystals increased with soaking time. Cell culture tests indicated the scaffolds supported the adhesion and growth of MG-63 cells. The study suggested that diopside scaffolds fabricated by laser 3D printing are promising candidates for bone tissue engineering.
INTRODUCTION


The requirement for the substitutes to replace injured or diseased bone tissue has greatly increased in recent years [1, 2] . Diopside (CaMgSi2O6) is a kind of silicabased ceramics with high bending strength and fracture toughness [3] . Moreover, Si and Mg elements released from diopside were favorable for the cells growth and proliferation [4 -6] . Ghorbanian et al. prepared diopside/silk fibroin nanocomposite scaffolds using freezedrying method and investigated their application for maxillofacial bone regeneration [7] . Wu C. et al. researched the physicochemical and biological performance of diopside scaffolds prepared by polymer sponge template method [3] .
However, these methods cannot precisely achieve pore shape, pore interconnectivity and internal structure of the diopside scaffolds [8, 9] . These characteristics are essential for growth of bone tissues and transport of nutrients and waste products [10] .
Selective laser sintering technology (SLS) is a laser 3D printing method that can fabricate the parts with complex external shape and controllable spatial structures. Its manufacturing method is that a diopside powder layer is spread then fused by a laser beam. After a diopside layer is sintered, another powder layer is spread above the former layer and repeat the process to complete the sintering parts [11] . This provides a good method for manufacturing controllable porous structure of scaffolds.
This study aimed to fabricate diopside scaffolds by SLS and focus on the effects of energy density on mechanical properties and microstructure. The fracture toughness is tested with digital micro-hardness tester and the compressive strength is tested with universal testing machine. The composition is examined with XRD and the microstructure is examined with SEM. Moreover, the bioactivity of diopside scaffolds is investigated in SBF and the biocompatibility is investigated in vitro.
EXPERIMENTAL DETAILS
Material and processing
Diopside (Calcium oxide, 24 mass %; Silicon dioxide, 55 mass %; Magnesium oxide, 18 mass %), is purchased from Chinese Technology New Materials (Kun Shan) Co., Ltd. Its melting temperature is 1300 °C and the particle size ranges from 10 to 100 μm. Diopside scaffolds were constructed by a home-made SLS system [12] . The scaffolds were sintered under different laser energy densities (2.4, 3.6, 4.8, 5.4, 6 J/mm -2 ), and other parameters remained unchanged (scan spacing 2 mm, laser spot diameter 0.8 mm, scanning rate 100 mm/min and powder layer 0.2 mm). When the diopside scaffolds were completed, they were cooled without temperature control. Then the excess powder was removed. The energy density (ED) was evaluated according to [13] :
where E is the laser power, d is spot diameter, v is scanning rate.
Scaffold fabrication
In the process of SLS, the powder was paved on the working platform. The powder layer was selectively sintered by the laser beam and bonded to form a solid layer. Then the working platform was moved down by the thickness of a layer and a new layer of powder was spread on the sintered part. The steps were repeated until the completion of the three-dimensional scaffolds. The sintering process was performed at power of 6.5 W, scanning speed of 100 mm/min, spot diameter of 1.2 mm, scan spacing of 2.0 mm and layer thickness of about 0.1 mm. The porous scaffold was fabricated under the optimal ED of 4.8 J/mm 2 ( Fig. 1 ). The dimension of the diopside scaffold is 15.5 × 15.5 × 7 mm 3 and the pore size is 1 mm. The scaffold consisted of six struts per layer with 1 mm in width and 1.5 mm in thickness. 
Characterization
Microstructures
The microstructure of diopside scaffold was examined using SEM, with a MIRA 3 LMU (TESCAN, Czech Republic) at the acceleration voltage of 20 KV. Before the observation, the scaffold was pre-coated with gold/palladium in inert atmosphere (argon gas) (JEOL, JFC-1600 Auto Fine Coater, Japan).
The phase compositions were identified using XRD, with a D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) based on CuKa radiation. The scan step was applied at 2 θ in the range between 10 and 70° at 1°/min. Then diopside scaffold was ground to powders prior to the observation.
Mechanical properties
The compressive properties of the diopside scaffolds were tested by an electronic universal testing machine (Microcomputer control) with a rate of 8 µm/s. The fracture toughness of the diopside scaffolds was determined using a digital micro-hardness tester (Model: HXD-1000TM/LCD, Taiming Optical Instrument Co., Shanghai) at 500 gf load. Before fracture toughness tests, the diopside scaffolds were ground and polished stage by stage with 800-grit, 1200-grit and 1500-grit diamond papers under water lubrication. The mechanical performances were achieved from six tests. All data were showed as the means ± S.E. (Standard error).
The fracture toughness (KIC) was calculated according to [14] :
where L is the radial crack length, F is applied load.
Apatite crystals in SBF
The diopside scaffolds were immersed in SBF to evaluate apatite-forming ability. SBF was formed following the method established by Kokubo and Takadama [15] , which had a similar ionic composition in human blood plasma. The immersion time of the diopside scaffolds in SBF was 14, 21 and 28 days at 37 °C, respectively, changing the solution every three days. The diopside scaffolds were subsequently taken out from the solution at preset soaking time, washing in distilled water, and then drying at vacuum drying oven. The apatite crystals on the scaffolds surface were studied using SEM equipped with EDS (Neptune XM4, EDAX Inc., USA).
Cell culture
MG-63 cells supplied by the American Type Culture Collection in Rockville, Md. were used in this research. MG-63 isolated from human osteosarcoma was chosen because they could express a number of characteristic features of osteoblasts [16] . The cells were kept with Dulbecco's modified Eagle's medium (Gibco, Germany) containing 10 % (v/v) fetal calf serum (Gibco-RBL Life Technologies Ltd, Paisley, United Kingdom), 100 units/ml penicillin, 100 mg/ml streptomycin at 37 °C. The diopside scaffolds were disinfected by immersion in 70 % ethanol prior to seeding cells. MG-63 cells were seeded into the diopside scaffolds at an initial concentration of 4 × 10 5 cells/cm 2 . Subsequently, the scaffold/cell construct was placed into 24-well plates and cultured in a humidified incubator at 37 degrees centigrade for 7 days. After the cell culture, the scaffold was taken out from the plates, and then washed with PBS solution. Sequentially, the diopside scaffolds were fastened with 4 % sucrose, 4 % paraformaldehyde and 2.5 % glutaraldehyde in PBS for 30 min. Then the diopside scaffolds were dehydrated with a graded ethanol (30 -100 %) and coated with gold in a vacuum followed by an examination with SEM.
RESULTS AND DISCUSSION
SEM analysis
The microstructure of the diopside scaffolds sintered under different energy densities is shown in Fig. 1 a -d . Only a few diopside particles fused and connected together at a low ED of 2.4 J/mm 2 ( Fig. 2 a) . When ED increased to 3.6 J/mm 2 , the microstructure became well during sintering (Fig. 2 b) . And it had a much high density at ED of 4.8 J/mm 2 ( Fig. 2 c) . However, some voids formed as ED further increased to 6 J/mm 2 ( Fig. 2 d) . It might be ascribed to the rapid temperature change, which inhibited the gas coming out during the sintering process. 
XRD analysis
XRD analysis was performed to investigate the phase compositions of diopside before and after sintering. The peaks of initial diopside powder (Fig. 2 e) were in accordance with the standard card (No. 190239) of diopside. There were similar XRD patterns among the diopside scaffolds at all energy densities, therefore the pattern of scaffold at ED of 4.8 J/mm 2 is shown in Fig. 1 f. It showed that the degree of crystallinity changed but no new phases formed after sintering. 
Mechanical performance
The effects of ED (3.6, 4.2, 4.8, 5.4, 6 J/mm 2 ) on mechanical performance (compressive strength and fracture toughness) was investigated (Fig. 3) . Compressive strength of the diopside scaffolds was 5.96 ± 0.88 MPa at ED of 3.6 J/mm 2 , and then increased significantly when ED was increased. The compressive strength reached the maximum (10.87 ± 0.55 MPa) at ED of 4.8 J/mm 2 . The improvement of densification of the scaffold was responsible for the increasing compressive strength. However, further increase in the energy density led to a slight reduction in compressive strength, which was attributed to the emergence of voids. In addition, the variation of fracture toughness showed trend, similar to that of compressive strength. The optimal fracture toughness was 3.10 ± 0.22 MPam 1/2 . The compressive property was much greater than that of trabecular bone (range from 0.1 to 16 MPa) [17] , and fracture toughness was comparable to that of human cortical bone (2 -12 MPam 1/2 ) [18] . Compressive strength of the diopside scaffolds fabricated by Wu C. et al [3] via polymer sponge template method was 1.36 ± 0.37 MPa. It was much lower than compressive strength of the diopside scaffolds prepared by us. Chen et al. calcination diopside in a box furnace, and the scaffolds exhibited the compressive strength of 0.27 MPa, which was lower than the scaffolds prepared by us [19] . Nonami et al. prepared diopside ceramic by sintering a powder compact composing of CaO-MgO-2SiO2 at 1300 °C [20] . The fracture toughness was 3.50 MPam 1/2 , which was close to that of the scaffolds prepared by us. Fig. 3 . The relationship between energy density and mechanical performance of the diopside scaffolds
Bioactivity evaluation
The scaffolds fabricated under ED of 4.8 J/mm 2 were immersed in SBF, and the SEM micrographs are shown in Fig. 4 from a to d. After 14 days soaking, small globular crystals with the diameter size of about 3 μm were deposited on the scaffold surface (Fig. 4 a) . The amount of the crystals grew gradually with the increasing immersion time in SBF (Fig. 4 b) . After 28 Energy density, J/mm 2 days, the surface was completely covered with globular crystal (Fig. 4 c) . High-magnification SEM revealed that the globular crystals were sponge-like (Fig. 4 d) . EDS spectrum for the diopside scaffold before and after SBF immersion are shown in Fig. 4 e and f. There were Ca, Mg, Si and O element before immersing in SBF, which was consistent with the composition of diopside. However, P, Cl, Na appeared in EDS spectra after immersing. Ca/P ratio calculated from EDS was 1.68, which was close to that of hydroxyapatite. Research has established that one of the major characteristics of biomaterials is inducing the formation of hydroxyapatite that has the same chemical composition to that of the human bone. In the present study, the bioactivity analysis showed that apatite crystals were formed and deposited on the diopside scaffold surface, indicating excellent bioactivity of diopside scaffolds.
Cell behavior
The biocompatibility is another significant characteristic of bioactive materials, and it can be evaluated by the cell adhesion, proliferation, and spreading. In this study, MG-63 cells were seeded on the diopside scaffold surface for 7 days, and the cell morphology was shown in Fig. 5 . The adhered cells exhibited an elongated, spindle-shaped appearance, which was typical for osteoblast-like cells. Moreover, extracellular matrix secreted by MG-63 cells grew on diopside scaffold surface, which indicated high cell activity on the diopside scaffold. The results indicated that the scaffolds prepared by SLS supported the adhesion and spreading of MG-63 cells. 
CONCLUSIONS
Porous diopside scaffolds were successfully fabricated by SLS. In this study, the fabricated scaffolds possessed 3D pore structures and large surface areas to provide good conditions for cell adhesion and the exchange of nutrients through the scaffolds. The scaffolds presented excellent mechanical properties, which has the highest compressive strength at 10.87 (SD 0.55) MPa and fracture toughness at 3.10 (SD 0.22) MPa·m 1/2 . Additionally, the scaffolds exhibited good bioactivity, which could induce apatite layer formation on the surfaces after immersion in SBF solution. Cell experiment showed the diopside scaffolds facilitated the MG-63 cell adhesion and growth, suggesting good biocompatibility. The results suggested that diopside scaffolds fabricated by SLS had a good potential in the field of bone regeneration.
